Abstract-This paper studies the characteristics of Border Gateway Protocol (BGP) routes. In particular, it identifies autonomous systems (ASs) that appear frequently in path vectors. In addition, it analyzes path vector lengths. Finally, it investigates the prevalence of inflated paths, commonly used by ASs for traffic engineering purposes.
I. INTRODUCTION
BGP plays a key role on the Internet. It interconnects autonomous systems (ASs), each with a unique number (ASN), and facilitates the construction of routing tables. Each AS has one or more BGP speakers that exchange reachability information with other speakers located in neighboring or peer ASs. For example, a speaker may receive the following reachability information from peer AS-1384: [130.130.0.0/16 → {1384 38 383 211 666}], which indicates that AS-1384 has a route to the network 130.130.0.0/16, via the ASs: {1384, 38, 383, 211, 666}. Hence, by exchanging reachability information, each speaker is able to construct a routing table containing paths to various destinations on the Internet.
Many researchers have used BGP routing tables to investigate different aspects of the Internet. Their main motivation and that of this paper is to provide an up-to-date understanding of the growth and characteristics of the Internet. Govindan et al. [4] in 1995 were the first to measure the size of the global network using BGP. They found around 900 ASs, and 1,300 links for 30,000 prefixes. Then, in 2004, Zhang et al. [8] presented a detailed study of the Internet at the AS level using four data sources, namely RIPE, RouteViews, Looking Glasses and Routing Registries. In addition, they used route updates accumulated over time to construct a comprehensive topology. They witnessed 19,000 ASs and 60,000 links. Likewise, Lad et al. counted more than 20,000 ASs in 2006 [6] . Wang et al. [7] studied the consequences of having inflated paths on ASs' inbound traffic. They found path inflation to be a widely used method for inbound traffic engineering. In fact, in June 2004, 40% of the ASs on the Internet used such export policy. According to their study, 7% of paths in 1997 were inflated and this increased to 12% in 2004. Recently, in [1] , we showed that the frequency distribution of ASs in BGP routes follows a Power-Law relationship, and the distribution of path vector lengths is characterized accurately by stable distributions. This paper extends [1] by delving into plausible reasons that influence an ISP/company's ranking. It studies inflated paths, and provides more results with regards to path vector lengths.
We first describe our research methodology in Section II. In particular, we explain the datasets containing reachability information collected from BGP speakers around the world, and how they are used in our investigations. Then, in Section III, we present our key findings, followed by a summary in Section IV.
II. RESEARCH METHODOLOGY
All datasets originate from two sources: RIPE 1 and RouteViews 2 . RIPE is a major organization that collects BGP routing information bases (RIBs) and publishes them on the Internet. RIPE provides views of the Internet from fourteen locations around the world. Thereby, its datasets capture a significant number of BGP updates exchanged by ASs. Similarly, the RouteViews project provides BGP RIBs, but only from six locations. At each location, RIPE and RouteViews have a BGP collector that peers with a set of BGP speakers, and periodically dumps all route updates into a file, called a snapshot. In this paper, we use the snapshots dumped at midnight on January 1, 2007.
Each snapshot contains millions of records or route updates. Figure 1 shows an example record. The main fields of interest are PREFIX and AS PATH. The record in Figure 1 indicates to a BGP speaker that the prefix/network 200.189.56.0/21 is reachable from a router with an address 195.66.224.83 located in AS-5511, and the route involves the following ASs: 5511, 17379, 6140 and 14282. Here, the last AS, i.e., 14282, is assumed to be the owner of the prefix 200.189.56.0/21. The first AS in the path, i.e., AS-5511, is the peer from which BGP updates are collected. Note, there can be more than one paths to a given prefix. In other words, there may be multiple records for the same prefix, each advertising a different path. We denote the path vector advertised in Figure 1 in comparison to the total number of records. Nevertheless, we remove them to avoid any ambiguities. Table I shows key characteristics of the snapshots used in our investigations. There are 17.2 million and 15.9 million records in RouteViews and RIPE snapshots respectively. In the table, the total number of prefixes is less than 225,000. Likewise, the number of ASs is around 24,000. The AS with the highest degree is AS-701 for fourteen snapshots, AS-7018 for five snapshots and AS-3303 for one snapshot. While ASs like MCI (AS-701) and AT&T (AS-7018) have a high degree, the average degree is rather small. The average degree is 3.30 and 3.40 for RIPE and Routeviews respectively. Many ASs involved in the snapshots have a degree of only one. These ASs are local ISPs or very small networks. They represent a very large majority of ASs. This confirms the Power-Law relationship reported by Faloutsos et al. [3] , which states that only a few ASs on the Internet have a high degree.
III. RESULTS
In the following discussions, we refer to snapshots by their name. Those from RouteViews are called, EQIX, OREGON, ISC, OIX, WIDE and LINX, whereas snapshots from RIPE are referred to as RRC0, RRC1, and RRC02 . . . RRC15. Note, we omit RRC08, and RRC09 since there were no data for January 1, 2007.
A. Growth of the Internet
We first report on our investigations pertaining to the growth of the Internet; as viewed from the AS level. We count the total number of links and ASs appearing in both RIPE and RouteViews snapshots. The results obtained are then compared to the following previous works [4] , [8] , and [2] .
In 2004, Zhang et al. [8] found around 19,000 ASs. We however witnessed 24,400 ASs. This means, in a little bit more than two years, the number of ASs has grown around 28%. Over a year, using the results from [2] , which recorded around 21,000 ASs in January 2006, the Internet grew by 16%. Zhang et al. [8] found the presence of 60,300 links in October 2004. Since then, there has been a 4% rise in the number of links. However, this 4% rise is a conservative value, given that Zhang et al. [8] also used data from Looking Glasses and Route Registries 4 . Govindan et al. [4] found in June 1995 that the average degree is 2.99. In our investigation, we found the average degree to be 5.15, an increase of 72% in a little bit more than ten years.
B. AS Frequency in BGP Routes
In this section, we count the number of times or frequency an AS has appeared in routes from all snapshots. The aim here is to determine whether there are ASs that are crucial to Internet routing. Table II shows the top ten ASs, ranked according to their frequency. These ASs appeared in more than 71% of all observed routes. In fact, the popularity of these ASs agrees with the Power-Law relationship reported in [1] . The highest ranked AS in terms of frequency is Level 3 Communications. It is witnessed more than five million times, and is 20% more frequent than Sprint. Table II also shows other characteristics, columns 4-9, for each AS. The goal of these columns is to determine whether they explain the position/ranking of an AS in Table II . For example, is an AS's ranking related to the number of IP addresses it owns? We explain these characteristics next.
1) AS Degree: On a per snapshot basis, an AS's degree does not have any impact on its ranking. The AS with the highest degree is MCI but it is only ranked fifth in frequency. The ninth and tenth ranked ASs are Tiscali and Teleglobe Inc, but they are only ranked 34 th and 29 th in terms of degree. As a consequence, there is no relation between an AS's degree and its popularity.
2) Address Block Size: The address block size corresponds to the number of addresses that an ISP owns. We like to point out that the address block size reported herein is an approximation given that companies/ISPs merge or may be bought by a different company, hence it is difficult to determine the exact number of addresses an ISP/company actually owns. From Table II , it can be seen that there is no correlation between the address block size an ISP owns to its ranking. Level 3 Communication and AT&T own more than 30 million addresses each. They both own two "/8" prefixes and their address block size is by far larger than any other ISPs in Table  II . However, AT&T is only the seventh most frequent AS.
3) Unique Prefixes Advertised: The unique prefixes advertised correspond to the number of non-aggregatable addresses that an AS owns. As can be seen in Table II , the number of unique prefixes advertised is not linked to ASs ranking. For example, even though MCI owns the highest number of prefixes, it is only ranked fifth in terms of frequency.
4) Average Hop Count:
The hop count refers to the average number of hops to reach an AS. If the hop count is low, an AS is more likely to provide transit. However, even if the overall hop count is low for every AS in Table II , no strong correlation can be drawn. The AS with the lowest average hop count is Tiscali but it is only ranked ninth. 
Dataset
Peer N o Records N o Prefixes N o ASs ASN N o Links Highest Average Location Range Degree Degree EQIX Virginia, USA 923,466 203,952 24,030 2-65,509 41,045 1874 3.42 (
5) Transit Percentage:
The transit percentage corresponds to the percentage of path an AS provides transit to. It is the number of non-Origin ASs divided by the total frequency of an AS. The more that an ISP is willing to provide transit to other ASs, the more likely it is a Tier-1 ISP. Again, this cannot be linked with an AS's ranking since smaller ISPs can still have a transit percentage of 99%. On the other hand, AT&T shows a transit percentage of only 91%.
6) Market Capitalization:
Market capitalization corresponds to a company's value. It is calculated by multiplying the number of shares of a company by the value of its share at a given point in time. The last column of Table II shows the market capitalization of each company on June 13 th , 2007. AT&T is by far the biggest company, followed by MCI and Sprint. Some companies like Global Crossing are relatively small compared to AT&T. From the table, we conclude that a company's market presence has no bearing on its ranking. Table  II are located in the United States. More than 17,000 ASs are in the US [5] , which accounts for 46% of the total AS allocation by IANA. No other country owns more than 2,000 ASs. Therefore, it is conceivable that American companies are more likely to have a high degree and frequency in BGP routes.
7) A Possible Explanation: Almost all of the ASs in
Unfortunately, the aforementioned explanation and hypotheses do not fully justify the popularity and the ranking of ASs outlined in Table II . Therefore, more hypotheses need to be tested. We leave this as future work.
C. Route Lengths
The next question of interest is the length of route vectors. In other words, the number of ASs in the AS PATH field. Note, we remove all duplicate ASNs. Hence, AS PATH: 12-23-34 has a length of three while AS PATH: 12-23-34-34-34-34 also has a length of three. Tables III and IV Table III , the longest path is 15. Considering the size of the Internet, with more than 24,000 ASs, this is rather short. Recall that our analysis is at the AS level. If it was carried out at the router level, route lengths will certainly be longer than those reported here. From the table, we see that the longest path is very homogenous between snapshots. The longest path of six snapshots is 12 hops whereas for six other snapshots it is 13 hops.
The average path length is very small. It goes over five in only one snapshot. Nine snapshots have an average path length between four and five whereas ten of them have an average path length shorter than four. Overall, the average path length is 3.87. It means that on average, it takes a packet less than four hops to reach its destination. Figure 2 shows the distribution of path lengths for the OREGON snapshot. The average path length is 3.84. From the figure it can be seen that the distribution exhibits a long tail. In fact, it can be characterized by stable distributions [1] .
D. Inflated Paths
Next, we investigate the prevalence of inflated paths. Table  V and VI show the percentage of inflated paths, the longest inflated path, the biggest inflation factor and the average inflation factor for each snapshot. Here, the inflation factor is defined as the number of times an AS is present more than once in a path. For example, AS PATH 1-2-4-4-4, has an inflation factor of two.
For OIX, 5.3% of its paths are inflated. RRC13 has the highest proportion of inflated paths with more than 25%. The average proportion of inflated paths are 12.3% and 14.0% for RouteViews and RIPE respectively. Overall, 13.1% of paths are inflated. In comparison, Wang et al. [7] reported that 12% of paths were inflated in 2004 and 7% in 1997.
From our investigations, we found that some paths are repeated over thirty times! Figure 1 shows an example path vector from RRC1 that has a length of 41, and has an inflation factor of 37. Here, AS-14282 has added itself to the path more than thirty times before advertising the path to AS-6140. This means AS-14282 is discouraging AS-6140 from using the link 6140-14282. One reason is that 6140-14282 may be a backup link. Another explanation is that the link from 6140 to 14282 could be an expensive link, monetary wise. Another possibility is that the link may have a large delay, e.g., satellite links. The average inflation factor for each snapshot is less than one. For nineteen snapshots, the inflation factor is less than 0.50. Overall, the average inflation factor is 0.32. These results imply that when a path is inflated, a small inflation factor is used most of the time. Cases of big inflation factors are rare.
The inflated path distribution for each snapshot is carried out to confirm that inflated paths in general have a rather low inflation factor. Figure 3 and 4 plot the cumulative distribution of path lengths for both OREGON and RRC03. Other snapshots have similar shape, therefore are omitted from presentation. Figure 3 and 4 show that most inflated paths have an inflation factor of one. The higher the inflation factor, the less likely it is going to be present in a snapshot. In all snapshots, an inflation factor of ten can be considered as very unlikely; as a consequence, the percentage of these paths is minimal (less than 1% of all paths). As discussed earlier, there are paths with an inflation factor of more than thirty. However, they constitute only a small proportion of the total AS paths. 3) The average path length is 3.9. Paths over eight in length are very unlikely. 4) The proportion of inflated paths is significant. Out of the 32 million paths, 13% are inflated. However, their inflation factor is rather small. In fact, the average inflation factor is only 0.32.
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